Bose-Einstein Condensation of an Ytterbium Isotope 
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We report the observation of a Bose Einstein condensate in a bosonic isotope of ytterbium ( 170 Yb). 
More than 10 6 atoms are trapped in a crossed optical dipole trap and cooled by evaporation. 
Condensates of approximately 10 4 atoms have been obtained. From an expansion of the condensate, 
we have extracted the scattering length auo = 3.6 =b 0.9 nm. 

PACS numbers: 03.75.Hh, 32.80.Pj, 34.50.-s 



Bose-Einstein condensation (BEC) of dilute atomic 
gases has been extensively investigated, which results in a 
deeper understanding of quantum gases. So far, BEC has 
been observed in ten species: H0, 4 He0, 7 Lii. 23 Na 
i, 41 K_i, 52 Cr 0, 85 Rb 0, 87 Rb 1, 131 Csl|, and 
174 Yb PJJ]. One of the most exciting current directions 
in this field is to investigate Bose-Fermi and Bose-Bose 
degenerate mixtures. For example, the stability fill , fl2| , 
the phase separation [13], collective dynamics [14], and 
strongly correlated systems in an optical lattice [l5[ are 
studied. It is therefore still important to create a BEC in 
other atomic species or other isotopes because it might 
enable us to generate new interesting degenerate mix- 
tures for various studies. 
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Ytterbium (Yb) is expected to play an important 
role in these studies because it has seven stable iso- 
topes: five bosonic isotopes with nuclear spin 1 = 
(i68,iro,i72,i74,i76 Y b) and two fermionic isotopes, 171 Yb 
with 7 = 1/2 and 173 Yb with 7 = 5/2. Following the 
realization of a BEC in 174 Yb atoms, a degenerate Fermi 
gas of 173 Yb atoms was achieved [l6j|. A BEC in other Yb 
isotopes will enable us to perform various experiments on 
Bose-Fermi and Bose-Bose Yb degenerate mixtures. Es- 
pecially, it is important to produce Bose-Bose mixtures 
because there are only a few investigations on two-species 
condensations [141 ] . Of particular interest is a study of 
two-species BECs in an optical lattice, which will exhibit 
a rich phase diagram [l7], Ql| Qjl [20[ . Moreover, the sta- 
bility and phase diagrams of more than two BECs have 
been theoretically investigated [2l|. Yb atoms are suit- 
able for these studies. 

Generation of a BEC in an even isotope of Yb is also 
helpful in a recently proposed and demonstrated opti- 
cal lattice clock using even isotopes of alkaline-earth-like 
atoms [22|, [23| . To eliminate the collisional frequency 
shifts and to obtain the largest signal-to- noise ratio, it 
is favorable to prepare each atom in each site of a three- 
dimensional optical lattice. This preparation can be real- 
ized by using the Mott insulator transition after loading 
a BEC into optical lattices [24]. While the BEC of 174 Yb 
was already obtained, the production of a BEC in an- 
other bosonic isotope is useful because the simultaneous 
operation of two optical lattice clocks enables us to eval- 
uate the stability as well as the accuracy of optical lattice 
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FIG. 1: Top view of the experimental setup for laser cooling, 
optical trapping, and probing of 170 Yb atoms. Two MOT 
beams along the vertical z direction are not shown for clar- 
ity. We note that the probe beam used for detection is not 
perpendicular to the horizontal FORT beam. 



clocks at the uncertainty of the 10 -16 level and beyond, 
where no working standard exists. 

In this article, we report all-optical generation of a 
BEC in 170 Yb atoms. After loading the atoms from a 
magneto-optical trap (MOT) into a crossed-beam opti- 
cal dipole trap, evaporative cooling is performed by low- 
ering the depth of the trap. In 12 s, the trap depth along 
the vertical direction is reduced below 2 /iK, where the 
bimodal distribution of the velocity and an anisotropic 
expansion after release from the trap are observed as evi- 
dences of the BEC transition. From the expansion of the 
BEC, we deduce the scattering length of 170 Yb. 

The experimental apparatus used for this work is es- 
sentially the same as our previous experiments [TO, G3 
and depicted in Fig. [TJ Yb atoms in a thermal beam gen- 
erated from an oven at 375 °C are decelerated by a Zee- 
man slower with a strong transition ( 1 So — 1 Pi; the wave- 
length of 399 nm and the linewidth of 29 MHz) and then 
loaded into the MOT with an intercombination transition 
( x So — 3 Pi; the wavelength of 556 nm and the linewidth 
of 182 kHz) [25[. Since the natural abundance of 170 Yb is 
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relatively small (3.05%), it takes typically 120 s to collect 
about 10 T atoms in the MOT, which is sufficient for the 
subsequent evaporation to BEC, while typically 10 s is 
needed in the case of 174 Yb, whose natural abundance is 
31.8%. 

The laser-cooled 170 Yb atoms are transferred to the 
crossed far-off-resonance trap (FORT) [26] with horizon- 
tal and vertical beams which are left on throughout the 
laser cooling process. The beams are independently pro- 
duced by two 10 W diode-pumped solid-state lasers at 
532 nm. The 1/e 2 beam radii at the crossing point are 
14 /im (horizontal beam) and 86 /im (vertical beam). At 
this loading phase, each beam has a power of 5.2 W, 
and the beams generate the potential depths of approx- 
imately 650 /iK (horizontal beam) and 18 /iK (vertical 
beam). Since the trap depth of the horizontal beam is 
much deeper than that of the vertical one, 1.6 x 10 6 atoms 
at 75 /iK are trapped mainly in the horizontal FORT. 
Atom numbers and temperatures of the gases are mea- 
sured using an absorption imaging technique. The trap- 
ping beams are turned off within a few hundred ns. After 
a certain expansion time, the released gas is illuminated 
by 100 /is probe beam pulse resonant with the strong 
1 So — 1 Pi transition. 

The collisional properties are crucially important as to 
whether the atoms can be cooled to quantum degener- 
acy by evaporative cooling. In the case of Yb atoms, 
there is no binary inelastic collisions resulting from elec- 
tron spins, and thus the binary collisions are only due to 
elastic collisions where the scattering length is the most 
important parameter. While the scattering length of an- 
other isotope of 174 Yb has been precisely determined to 
be 5.5 nm from a photoassociation experiment [27[, there 
was no experimental and theoretical information on the 
scattering length of 170 Yb [28]. For this reason, we opti- 
mized the sequence of evaporation by variously changing 
the time constant. For a single-beam optical trap, the 
relation between the elastic collision rate and the time 
constant of forced evaporation has been discussed [29[. 
However, in our case of the crossed-beam optical trap, 
the process of evaporation is complicated and thus quan- 
titative discussion is difficult. 

Evaporative cooling is carried out by ramping down the 
intensity of the horizontal beam, while keeping the ver- 
tical FORT power constant. When the potential depth 
of the horizontal FORT is reduced to approximately the 
same as that of the vertical FORT, almost all the atoms 
are trapped in the crossed region. Further decrease of the 
horizontal FORT beam intensity leads to evaporation in 
the crossed region. Finally, the potential depth along the 
vertical direction, which is considerably affected by the 
gravity at this stage of evaporation, is reduced below 2 
/iK (^50 mW of power in the horizontal beam), where 
degenerate gases appear. The total evaporation time op- 
timized as described above is 12 s, which is twice longer 
than that for 174 Yb. From this fact, it is deduced that 
the absolute value of the scattering length of 170 Yb is 
smaller than 5.5 nm for 174 Yb. 
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FIG. 2: (color online). Absorption images (a) — (c) and density 
distributions integrated over the vertical z direction (d) — (f) 
of 170 Yb atoms after 10 ms of the free expansion: (a), (d) 
thermal cloud, T = 360 nK; (b), (d) bimodal distribution, 
T — 200 nK; (c), (f) almost pure condensate with 7 x 10 3 
atoms. The solid lines show the Gaussian fits to the thermal 
components. 



The BEC phase transition has been observed in the 
density distributions after 10 ms of a free expansion. At 
the power of 70 mW in the horizontal FORT beam, the 
atom cloud has an isotropic Gaussian distribution ex- 
pected for a thermal cloud [Fig. [2(a), (d)]. The corre- 
sponding temperature is T = 360 nK. When the power 
of the horizontal beam is lowered down to approximately 
50 mW, a bimodal momentum distribution appears [Fig. 
[2(b), (e)]. The temperature T = 200 nK is determined 
from a Gaussian fit to the wings of the thermal cloud. 
As the power is decreased further, the central anisotropic 
component of a BEC increases. At the final power of 40 
mW, the cloud is an almost pure condensate with approx- 
imately 10 4 atoms [Fig. [2(c), (f)]. Even after reducing 
the power of the horizontal beam to perform evaporation, 
the radial confinement of the horizontal FORT is stronger 
than that of the vertical FORT, and thus the condensate 
released from the optical trap rapidly expands in the ra- 
dial direction of the horizontal FORT beam due to the 
release of mean field energy. Since the probe beam prop- 
agates horizontally at an angle of approximately 50° with 
respect to the horizontal FORT beam (Fig. [1]), the ob- 
served absorption image of the condensate for expansion 
times longer than a few millisecond is elongated in the 
vertical z direction [Fig. 12(c)] . 

The scattering length is an important parameter in the 
study of ultracold dilute atoms. It dominates the dynam- 
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ics and stability of quantum degenerate gases. For this 
reason, it is significant to obtain information on the scat- 
tering length of 170 Yb. We evaluate the scattering length 
of the 170 Yb from the size of the observed condensate. 
In general the free expansion of the condensate is de- 
scribed by the Gross-Pitaevskii equation, and within the 
Thomas-Fermi approximation it is characterized by the 
set of equations for scaling factors, which can be solved 
easily [30] . In this approximation the condensate density 
is a time-dependent inverted parabola 



n(r,t) = n (t) [l - ^ =1 r % /{X % (t)R % }] , 



(1) 



when the right hand side is positive and n(r, t) = oth- 
erwise. Here i = 1, 2, and 3 corresponds to the spatial 
coordinates x, y, and z, respectively. The Xi(t) are scaling 
factors for the condensate radii, the Ri are the Thomas- 
Fermi radii of the condensate in the trap, and the no(t) 
is the peak density. The scaling factors Xi(i) satisfy 



XiX±X2Xs 



(i = 1,2,3), 



(2) 



where the uJi are the final trapping frequencies before 
release. The initial conditions are A^(0) = 1 and A^(0) = 
0. We note that the scaling factors can be calculated 
only from the trap frequencies and the expansion time by 
numerically solving these equations. The Thomas- Fermi 
radii are 



1 h 2 

Ri = —(Ih^uo^uzNa) 1 ^ , 



(3) 



where m is the atomic mass, N is the number of con- 
densate atoms, and a is the scattering length. Therefore, 
the condensate radii Ri{t) = Xi{t)Ri after an arbitrary 
expansion time t are proportional to (TVa) 1 / 5 , and the 
constants of proportionality depend only on the trap fre- 
quencies, the expansion time, and the atomic mass. We 
have examined the condensate radii after the expansion 
for different atom numbers, and evaluated the scattering 
length of 170 Yb. We plot the condensate radius along 
the vertical z direction after 10 ms of the expansion, as 
a function of the number of condensate atoms TV 1 / 5 and 
fit the data with a straight line through the origin (Fig. 
[3]) . From the slope of the line we have extracted the scat- 
tering length ai7o = 3.6 ± 0.9 nm. This relatively small 
value of the scattering length of 170 Yb is consistent with 
the relatively long evaporation time required to achieve 
the BEC of 170 Yb compared with the case of 174 Yb, as 
mentioned above. It is also impressive that this value is 
in good agreement with the quite recent result obtained 
by a completely different method [28[. 



This successful production of a 170 Yb BEC is an impor- 
tant step to investigate a 170 Yb- 174 Yb BEC-BEC mix- 
ture and a 170 Yb- 173 Yb Bose-Fermi degenerate mixture. 
It is worth noting that the inter-species scattering length 
between 170 Yb and 174 Yb was found to have a large and 
negative value by using mass scaling [28[ , and thus we can 
observe collapse phenomena in this BEC-BEC mixture. 
35 
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FIG. 3: Measured condensate radius along the vertical z di- 
rection after the free expansion of 10 ms, as a function of the 
number of condensate atoms N 1 ^ 5 . The solid line is a lin- 
ear fit through the origin. The slope of the line extracts the 
scattering length ai7o = 3.6 =b 0.9 nm. 



The experimental procedure to generate a 170 Yb BEC is 
also applicable to realization of a BEC in 168 Yb, whose 
natural abundance is extremely small (0.13%) and whose 
scattering length is positive [28[. Moreover, the positive 
inter- species scattering length between 168 Yb and 170 Yb 
enables us to investigate a stable BEC-BEC mixture. 

In conclusion, we have succeeded in the formation of 
a BEC in 170 Yb atoms. We have determined the scat- 
tering length ai7o = 3.6 ± 0.9 nm from the expansion 
of the condensate. We emphasize that the straightfor- 
ward application of the 170 Yb BEC opens up studies of a 
170 Yb- 174 Yb BEC-BEC mixture and also a 170 Yb- 173 Yb 
Bose-Fermi degenerate mixture. 
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